• Backgrounds and Aims Gain or loss of floral nectar, an innovation in floral traits, has occurred in diverse lineages of flowering plants, but the causes of reverse transitions (gain of nectar) remain unclear. Phylogenetic studies show multiple gains and losses of floral nectar in the species-rich genus Pedicularis. Here we explore how experimental addition of nectar to a supposedly nectarless species, P. dichotoma, influences pollinator foraging behaviour.
INTRODUCTION
Nectar as a common floral reward is widespread in various plant groups, including a few gymnosperms and most angiosperms (Koptur et al., 1982; Pacini et al., 2003; De la Barrera and Nobel, 2004; Willmer, 2011) . Nectar production may be a labile evolutionary trait, which has been repeatedly gained and lost in angiosperms (Nicolson et al., 2007) . For instance, a survey of nectar in 111 orchid species on a well-resolved phylogeny showed that absence of nectar was the ancestral condition, and nectar production evolved at least nine times but nectar was lost at least once (Johnson et al., 2013) .
Nectar production could turn a visitor's attention away from the pollen as food, and offer an ideal fuel in the form of sugars, and toxic chemical components within nectar could filter unwanted or inefficient pollinators (Adler, 2000; Irwin et al., 2004) . Given the energetic costs of this type of floral secretion for some pollinators (Galen and Geib, 2007; Rojas-Nossa et al., 2016) , it is not surprising that many plants have lost nectar production, being pollen-only providers, such as plants with a buzz-pollination system (i.e. Solanum flowers) in diverse lineages (Vallejo-Marín et al., 2009 , 2010 De Luca and VallejoMarín, 2013; Cardinal et al., 2018) . It has been shown that loss of nectar in orchids could lead to pollinators visiting fewer flowers on the same plant, reducing intra-plant selfing and promoting pollen export (Johnson and Nilsson, 1999; Johnson et al., 2004; Jersáková and Johnson, 2006) ; and could allow a plant to allocate more resources for other vegetative or reproductive functions (Southwick, 1984; Bell, 1986; Pyke, 1991; Mattila and Kuitunen, 2000) . Compared with nectarless flowers, nectariferous flowers with additional reward would be preferred by pollinators and receive high rates of pollination (Neiland and Wilcock, 1998; Smithson and Gigord, 2001; Aizen et al., 2011; Natalis and Wesselingh, 2012) .
The presence or absence of nectar production could be linked to pollinator behaviour, probably in plant species with bilaterally symmetrical flowers. For example, pollen and nectar rewards are located on the two opposing sides of the horizontal axis of labiate flowers. If a pollinator harvests both types of
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rewards during foraging, it has to adopt two postures: (1) while it is upright sucking nectar, pollen will be passively deposited on the dorsal side of its body (i.e. nototribic pollination mode); and (2) when it is upside down to collect pollen, pollen will be placed on the ventral side (sternotribic pollination mode), as observed in Rhinanthoideae (Kwak, 1979; Wesseligh, 2012, 2013) or in Pedicularis flowers (Macior, 1982; Robart, 2005; Huang and Shi, 2013; Armbruster et al., 2014) . The two different foraging postures would potentially affect plant reproductive success, given that pollen collected for food provision is lost to plant sexual reproduction (Kwak, 1979; Robart, 2005; Tong and Huang, 2018) . Furthermore, the use of different sites of pollen placement on the pollinator body can partition pollen from different species with shared pollinators into 'ecological niches', reducing interspecific pollen competition. Numerous clades in the genus Pedicularis have evolved gain or loss of nectar, and the two pollination modes are often exploited in co-flowering-related species (Eaton et al., 2012) . The type of floral isolation mediated by pollinator behaviour is likely to limit interspecific pollen flow and contributes to prepollination reproductive isolation, described as the 'Pedicularis type' by Grant (1994) .
Although nectar production can be an innovative floral trait (Crepet and Niklas, 2008) , evolutionary analyses usually use some correlated traits reflecting the status of nectar indirectly. For example, morphological measurement of nectaries is often used instead of direct measurement of nectar production (Vallejo-Marín et al., 2010; Liu et al., 2015) . There are >600 species of Pedicularis in the North Temperate Zone, with most species in the Himalayas. Pedicularis flowers are characterized by diverse corolla morphologies; especially variable are the upper lips and the lengths of corolla tubes (Li, 1951; Macior, 1982; Yang et al., 1998) . Some species have typically labiate corollas (beakless shorted-tubed corollas; Li 1951), but the upper lips in many species are folded into a galea enclosing the four anthers, with a beak-or elephant trunk-shaped extension. The beak has been regarded as an adaptation for buzz pollination, functionally mimicking poricidal anthers, though the anthers of most Pedicularis species are laterally dehisced (Harder, 1990; Huang and Shi, 2013) . Unlike short-tubed beakless species, which are usually pollinated by bumble-bees collecting nectar, species with beaked corollas with either short or long tubes are usually observed to be pollinated by pollencollecting bumble-bees (Macior, 1982) . Phylogenetic analyses in Pedicularis suggest that loss was more frequent than gain of the beak (Ree, 2005b; Yu et al., 2015) . An association of a beaked corolla with lack of nectar has long been noted in this superdiverse genus, implying an interesting reverse transition: gain, rather than loss, of nectar.
Although nectary remnants of different sizes have been observed in various beaked Pedicularis species (Huang and Fenster, 2007; Liu et al., 2015) , there have been no systematic direct measurements of nectar properties or examination of the function of nectar in pollination. Some Pedicularis species which were formerly regarded as nectarless do secrete dilute but measurable nectar (Liu et al., 2016; Tong and Huang, 2016) . To test the effects of nectar production on pollinator foraging behaviour and pollination mode, here we used a typically beaked, buzzpollinated, 'nectarless' species, Pedicularis dichotoma, as an experimental model flower. In a recent phylogenetic analysis, P. dichotoma and most of its relatives (seven out of nine) in the same clade were nectarless species with beaks and short tubes, and the closest related monophyletic sister species P. batangensis is a nectarless species with a long tube and a beak, suggesting that P. dichotoma was probably derived from a nectarless species . We first measured its nectar properties and floral and individual variation in nectar volume and sugar concentration. Then we examined pollinator responses to flowers with added artificial nectar (Johnson and Nilsson, 1999; Johnson et al., 2004) and the effect on pollination modes. 
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MATERIALS AND METHODS
Study species and sites
Pedicularis dichotoma Bonati is a perennial alpine herb endemic to south-west China, usually flowering from late July to early September. The hermaphroditic flower is adichogamous, with female and male functioning simultaneously. Flowering individuals are up to 30 cm high, and the erect stem is somewhat woody (Yang et al., 1998) . It is a typically 'beaked' species with a short corolla tube (1.25 ± 0.12 cm, n = 45, mean ± s.e.), and the upper two corolla lobes are fused forming a hoodlike galea that encloses the four anthers. The beak is pink to purple, while the lower lip changes from white to purple over the 3 d of anthesis. At the base, the corolla tubes are enclosed by pinkish brown bracts (Fig. 1) . Wild plants usually grow in rocky or dry slopes, but can be seen in relatively wet meadows. The study site was in a field station, Shangri-La Alpine Botanic Garden (SABG, 27°54'5''N, 99°38'17''E, 3300-3350 m above sea level), from early August to early September in 2017 with about 1000 flowering individuals of P. dichotoma.
Measurements of nectar properties
To examine variation in nectar production and the nectar secretion schedule during the day or in the dark, we tagged and numbered 60 P. dichotoma individuals at two sites and bagged the whole inflorescence on each plant to exclude pollinator visits. Thirty plants were from one rocky slope which was relatively drier than the meadow from which the other 30 plants were obtained. We sampled nectar at 07.00 and 19.00 h on 13, 15 and 20 August, to reveal the day/night schedule. On each nectar sampling occasion, one flower from each individual was removed from the pedicel and was carefully taken back to the laboratory (within 600 m). Microcapillary tubes of 0.1 mm diameter were used to extract nectar from the base of the floral tube. To avoid sample contamination, particular care was taken to avoid tissue damage (which could cause other tissue fluids to leak into the nectar) (Herrera et al., 2006) . The length of the liquid in the microcapillary tube (L) was measured, and the volume of the liquid was thus calculated as L × π × (0.1/2) 2 . Then the liquids were blown out by means of a rubber pipette bulb onto the measuring platform of a handheld refractometer (Eclipse 45-81, measuring range 0-50 %; Corbet, 2003) , to measure sugar concentration. A total of 360 flowers (30 plants × 2 sites × 2 sampling flowers per day × 3 d) were sampled.
To measure sugar components of P. dichotoma, we withdrew nectar from a total of approx. 200 bagged flowers using microcapillary tubes, and spotted nectar onto filter paper strips, with air-drying at room temperature (Galetto and Bernardello, 2005 ). Each paper strip was then stored in a clean centrifuge tube. In the laboratory, the sugars were eluted from the dried filter paper with 50 μL of distilled water. Sugars were identified and their relative masses were quantified by high-performance liquid chromatography (HPLC) using a liquid chromatograph (Waters Corporation, Milford, MA, USA) with a refractive index detector and an Agilent Zorbax (Agilent Technologies, Santa Clara, CA, USA) carbohydrate analysis column, 843300-908. The solvent was an acetonitrile:water system (70:30 v/v) at a flow rate of 1 mL min -1 and a temperature of 35°C. Injected volumes were 20 μL for calibration and 20 μL for the nectar samples. For calibration, regression analyses were used based on the response peak to standard sugar solutions. The coefficient of determination of the regression was ≥0.9995. Quantities of each sugar (glucose, fructose and sucrose) were determined by comparison with the standards using the regression equations and were then expressed as relative percentage by mass.
Pollinator response to additional nectar
To investigate whether the presence or absence of nectar affects bumble-bees' visitation behaviour, we compared pollinator foraging behaviour on flowers with artificial nectar or control (unmanipulated) flowers at two sites with abundant P. dichotoma individuals in August 2012. In each site, within a 5 × 5 m patch, using a microlitre syringe, we added artificial nectar (30 % sucrose solution) to newly open flowers on 30 plants which were randomly selected, while the other (approx. 100) plants mixed in the patch did not receive added nectar as controls. The numbers of unmanipulated and manipulated flowers at the two sites were 403 and 106, and 310 and 106. About 1-2 μL of artificial nectar was injected into the upper part of the corolla tube, carefully to avoid damaging the corolla ( Fig. 1A ; Thairu and Brunet, 2015) . As there is a curve in the corolla tube, nectar solution remained attached to the inside of the tube wall above the curve and could not be syringed into the middle part of the corolla tube. Sugar concentration in the artificial nectar was similar to that in two nearby Pedicularis species, 28.5 ± 0.7% (n = 175 flowers) in P. densispica Franchet ex Maximowicz and 28.6 ± 0.7 (n = 190) in P. rex C. B. Clarke, generally with standing crops of about 0.3-1.3 μL. These two nectariferous species were usually nototribically pollinated by nectar-collecting workers of Bombus friseanus Skorikov, sharing the same pollinator with P. dichotoma (Huang and Shi, 2013; Corbet and Huang, 2014) . We recorded pollinator visitation frequency and their foraging behaviour in these two sites, noting in particular whether the bumble-bee was collecting pollen or nectar and whether bee bodies were in contact with pollen or stigmas dorsally or ventrally, i.e. nototribic or sternotribic pollination mode, respectively. Flower manipulations and pollinator observations were conducted on three consecutive sunny days, with a total of 59 censuses, each lasting 15 min.
Data analysis
To detect a difference in nectar volume or concentration among individuals (as six flowers per plant were sampled), we used a generalized linear model (GLM) with normal distribution and an identity link function, fixing plant as a random factor. The effect of habitat on nectar traits of individuals (averaged by flowers with measurable nectar) was also tested by using a GLM with normal distribution and an identity link function, fixing site (dry or wet habitat) as the main factor.
To detect a possible relationship between the mean nectar concentration/volume and the number of flowers with measurable nectar, we used Spearman's rank correlation.
The effect of adding nectar on flower visitation frequency was examined using a GLM with normal distribution and a logit-link function, fixing treatment (control or nectar added), reward type (for pollen or for nectar) and their interactions as factors. Pairwise comparisons for treatment and reward type foraged were also conducted within the model.
All the analyses were conducted in SPSS 20.0 (IBM Inc., New York).
RESULTS
Nectar production in unmanipulated flowers
Variation among flowers. Among the total of 360 flowers sampled, 131 flowers (36.4 %) presented liquid ranging from 0.01 to 0.49 μL (mean 0.07 μL). The liquid from 95 flowers (26.4 %) was enough for measurement by the refractometer; sugar concentration ranged from 4.0 to 39.0 % (mean 14.6 %). Among these 95 flowers, 54.7 % (52/95) secreted nectar with sugar concentration from 8 to 15 % ( Fig. 2A) . For those flowers secreting measurable nectar, nectar volume was negatively correlated with sugar concentration (n = 95, r = -0.296, P = 0.004). Variation among individuals. Among the 60 tagged P. dichotoma individuals, 83.3 % (50/60) secreted liquid and 75.0 % (45/60) secreted measurable nectar in the corolla tube in at least one flower. Only 6.7 % of individuals (4/60) had more than three flowers with measurable nectar (Fig. 2B) . Most (54/60, 90 %) individuals secreted 0-0.05 μL (mean volume from six flowers) of nectar (Fig. 3A) , and the sugar concentration of 70 % (42/60) of individuals was from 0 to 5 % (Fig. 3B) .
Both nectar volume (Wald χ 2 = 107.28, d.f. = 59, P < 0.001) and sugar concentration (Wald χ 2 = 100.74, d.f. = 59, P <0.001) differed significantly among individuals. Twenty-five individuals (41.7 %) had flowers with quite concentrated nectar (higher than the mean concentration of 14.6 %). For these individuals, on average 66.1 ± 5.6 % of sampled flowers on each individual secreted high concentration nectar (>14.6 %), indicating that flowers which produced concentrated nectar were more likely to appear on the same plant (Fig. 2) .
Mean nectar volume (averaged for six flowers per plant) and mean sugar concentration were positively correlated (n = 60, r = 0.776, P < 0.001) but not if zero values of either volume or concentration were excluded (n = 60, r = 0.248, P = 0.056). The number of flowers secreting measurable nectar per plant was positively correlated with mean nectar volume (n = 60, r = 0.660, P <0.001) but not correlated with mean sugar concentration (averaged from the flowers with measurable nectar) (n = 60, r = 0.100, P = 0.446).
Nectar volume of individuals (averaged from the flowers with measurable nectar) was smaller (Wald χ 2 = 64.16, P = 0.030) in the dry habitat (0.043 ± 0.010 μL) than in the wet habitat (0.075 ± 0.010 μL), but the sugar concentration did not differ significantly (9.21 ± 1.33 % vs. 12.72 ± 1.35 %, Wald χ 2 = 133.38, P = 0.065).
The HPLC results showed that the liquid sampled in the corolla tube consisted of fructose (30.30 %, mass percentage), glucose (4.92 %) and sucrose (64.89 %). The sucrose to hexose ratio was 1.84. It can be classified as sucrose-dominant nectar following the scale of Baker and Baker (1983) .
Bumble-bee responses to flowers with nectar added
Field pollinator observations comprised 59 censuses (total 885 min). A total of 69 Bombus friseanus individuals made 308 visits to flowers to which nectar had been added and 44 bees made 245 visits to unmanipulated flowers. When visiting unmanipulated (control) flowers, a bumble-bee grasped the beak and performed buzzes; pollen grains were seen to be released from the tip of the beak, and deposited on the ventral surface of the bee (sternotribic pollination mode). On flowers with nectar added, bumble-bees usually sucked nectar, first landing on the lower lip, and probing the corolla opening with the tongue from the left side of the flower (Fig. 1B) , i.e. adopting a nototribic pollination mode (but not causing pollen transfer). The bee quickly learned where the nectar was located and foraged continuously for artificial nectar in the patch during most of the foraging bouts. We did not note shifts of foraging behaviour between nectared and natural plants within a foraging bout. While the bee sucked nectar, the tip of the beak was above the dorsal side of the bumble-bee, and the stigma would sometimes contact the bee laterally or ventrally, where no pollen had been placed. This change in foraging behaviour prevented the stigma from contacting the ventral side of the bee. Bumble-bees were occasionally observed to collect pollen from to which nectar had been added, performing sternotribic pollination as in unmanipulated flowers. On manipulated flowers with additional nectar, the visitation frequency of B. friseanus (0.2 ± 0.02 visits per flower h -1 ) was nearly five times (P < 0.001) that on unmanipulated flowers (0.04 ± 0.01 visits per flower h -1 ) (Fig. 4) . On unmanipulated flowers with little, dilute nectar, bumble-bees were only observed collecting pollen (0.043 ± 0.010 visits per flower h -1 ); however, on flowers with artificial nectar, most foraging bumble-bees switched to sucking added nectar, and the frequency of pollen collection decreased significantly (P = 0.027). The frequency of nectar collection (0.188 ± 0.019 visits per flower h -1 ) was significantly higher (P < 0.001) than that of pollen collection (0.009 ± 0.005 visits per flower h -1 ), showing the bees' preference for nectar over pollen rewards (Fig. 4) .
DISCUSSION
Our investigation of nectar production in Pedicularis dichotoma showed that both nectar volume and sugar concentration varied greatly within and between plants. This species has been considered as a nectarless, short-tubed, beaked species, given that it was observed to be effectively pollinated by pollen-collecting bumble-bees (Huang and Shi, 2013; Corbet and Huang, 2014) . Our flower manipulation showed that bumble-bee pollinator foraging behaviour changed with supplemental nectar in which the volume and sugar concentration were similar to nearby nectariferous Pedicularis species. The shifts from pollen to nectar preference and from sternotribic to nototribic pollination mode suggest the importance of nectar production in the evolution of diverse corolla morphologies in Pedicularis species, highlighting flower divergence mediated by the same pollinator species through a diverse use of pollen placement sites.
In a recent survey of nectary anatomy and nectar production in flowers of Pedicularis section Cyathophora, Liu et al. (2016) observed that two nectariferous, beakless species usually contained about 1 μL of standing crop of nectar with a sugar concentration of around 30 %, and two out of three beaked species produced dilute nectar with a much lower sugar concentration: 0.16 and 1.37 μL of nectar with 6 and 7 % sugar concentration in P. superba and P. cyathophylla (n = 20 flowers), respectively (Liu et al., 2016) . These authors found substantial nectary structure and accumulated starch grains in the nectary tissues in nectariferous species, but variation in nectar production data among flowers or individuals was not present (see Herrera, 2006) , particularly in beaked species. We observed that the liquid detected at the base of corolla tubes in P. dichotoma was indeed nectar, but measurable nectar was detected in 75 % of individuals and in only 26.4 % of flowers, unlike the two sympatric nectariferous species that we sampled, P. densispica and P. rex, in which it was present in 100 % of 32 individuals (32 × 6 = 192 flowers) in both species and in 95.2 % (175/192) and 99.0 % (190/192) of flowers, respectively. Plants of P. dichotoma whose flowers secreted measurable nectar per plant tended to produce a large volume of nectar, and some plants tended to produce relatively concentrated nectar on the same individual. These observations suggest that differentiation in nectar production could be involved in this species, although the low volume of nectar was temporarily non-functional in that the nectar was not observed to be used by any floral visitors. We observed that nectar volume of individuals in the dry habitat was smaller than that in the wet habitat, but the sugar concentration was similar. Flowers in wetter conditions were observed to contain more dilute nectar in larger volumes (Wyatt et al., 1992) .
Nectar properties including sucrose:hexose ratios and sugar concentration were used to predict pollinator functional groups Baker, 1983, 1990) . Our HPLC results showed that nectar in P. dichotoma was sucrose dominant, and the sucrose:hexose ratio was 1.84, predicting pollination by longtongued bees or hawkmoths (see Baker and Baker, 1983) . Interestingly, the other two nectariferous species produced similar sucrose-dominant nectar, in which fructose, glucose and sucrose were 11.45, 8.58 and 79.97 % in P. densispica, and 17.27, 3.44 and 79.30 % in P. rex. To track the evolutionary history of nectar properties in Pedicularis species, a study involving more species in various clades is needed given that sugar components in the genus have not been analysed by HPLC previously.
Due to the curved shape of corolla tubes in P. dichotoma, additional nectar was not injected at the level of the nectary, the bottom of corolla tubes where ovaries normally secrete a little nectar. This high nectar position may in some way exaggerate the possibility of a bee's behaviour in exploiting nectar instead of collecting pollen, but the bees were not naïve during the flowering period (late August) and were skillful at collecting pollen. The bumble-bees seemed able to detect invisible nectar in P. rex in which the basal yellow corolla tubes were submerged by rainwater (Sun et al., 2016) . The presence of nectar in a nectarless Pedicularis species induced a shift of pollinator behaviours from pollen to nectar collecting, but the underlying mechanisms of nectar detection in the study system requires further studies.
Gain or loss of nectar?
The presence/absence of nectar has been regarded as one of the most important innovations in Pedicularis flowers (Macior, 1982; Ree, 2005a, b; Huang and Fenster, 2007; Liu et al., 2015 Liu et al., , 2016 , but experimental manipulation of nectar status, such as nectar supplementation or depletion, has not previously been attempted. Early investigations suggested that beaked (nectarless) species were likely to be derived from nectariferous species given that the basal group in this genus comprised nectared, beakless species (Li, 1949 (Li, , 1951 Macior, 1982) . However, recent molecular phylogenies suggested that gain of beakless (nectared) species frequently occurred rather than loss of nectar in this genus (Ree, 2005b; Yu et al., 2015) . Ree (2005b) asked under what ecological conditions beakless floral forms might regain nectar production. In an investigation of nectar production in three beaked species of Pedicularis section Cyathophora, two species produced dilute nectar and one produced no measurable nectar. The transition of nectar production in this section was considered as a process of losing nectar in the evolution from nectariferous to nectarless species (Liu et al., 2016) . Alternatively, it could be an intermediate stage of a reverse transition from nectarless to nectariferous species.
Plants offer nectar as a reward for pollinators which deliver pollen during nectar collection (Brandenburg et al., 2009) . Their interactions largely depend on the reward quantity and quality offered by plants and energetic costs of floral visitors (Bell, 1986; Corbet et al., 1995) . Studies have shown that pollinators alter their foraging patterns to switch to more rewarding flowers if they encounter empty or less rewarding flowers (Brandenburg et al., 2009) , so that nectar-rich species or individual plants (i.e. orchids) benefit from higher pollination rates than rewardless forms (Smithson and Gigord, 2001; Tremblay et al., 2005) . Nectarless flowers are unlikely to be visited continuously by nectar-collecting pollinators. Consistent with previous studies of nectar supplementation (e.g. Johnson et al., 2004; Jersáková and Johnson, 2006) , bumble-bees visited P. dichotoma flowers to which nectar had been added significantly more frequently than unmanipulated flowers. The bees seemed able to detect added nectar without contacting the flower as they continuously probed flowers with artificial nectar in the experimental populations. Furthermore, we found that a change of bumble-bee foraging preference resulted in a shift between two pollination modes which are extensively exploited by two types of plant species: nectared or nectarless species (Macior, 1982) . Both pollination modes were occasionally observed in some nectariferous but not beaked Pedicularis species (Wang and Li, 1998; Robart, 2005; Tang et al., 2007; Huang and Shi, 2013) .
Changes of pollinator preference to nectared flowers have been shown in previous manipulations of nectar (e.g. Johnson et al., 2004; Jersáková and Johnson, 2006) , but we have shown here a change of pollination mode as well. The finding may contribute to our understanding of floral divergence mediated by selection of the same pollinator group. Studies in diverse lineages have shown that transitions in floral traits are usually associated with shifts of pollinator functional groups (Fenster et al., 2004; Whittall and Hodges, 2007; Thomson and Wilson, 2008; van der Niet and Johnson, 2012) , but it remains a challenge to understand flower divergence without a shift of pollinator groups (Wilson and Thomson, 1996) .
It has been proposed that in Pedicularis flowers, changes in the galea from a simple domed form to forms in which the tip of the galea is extended into a pointed beak or long rostrum of Pedicularis flowers are accompanied by shifts of bumble-bees from nototribic (dorsal stigma contact) to sternotribic (ventral stigma contact) pollination (Macior, 1982; Robart, 2005) . The beak structure has been considered as a key factor that initiated and mediated shifts of bumble-bee foraging behaviour in Pedicularis (Macior, 1982; Macior and Sood, 1991; Ree, 2005b; Robart, 2005; Yu et al., 2013) given that the beak is closely involved in buzz pollination mediated by large pollencollecting bees (Buchman, 1983; De Luca and Vallejo-Marín, 2013; Corbet and Huang, 2014) . However, our flower manipulations with supplemental nectar showed that nectar rather than the beak seemed to be the key factor driving a shift of bumblebee foraging behaviour. When nectar was placed into beaked flowers in P. dichotoma, the bumble-bees collected both nectar and pollen, adopting a nototribic pollination mode. The effects of bumble-bee behaviours on pollination were not examined in the nectar supplementation experiment, although this foraging behaviour was unlikely to deliver pollen effectively given that pollen grains were rarely placed on the ventral side of the bee. On the other hand, bumble-bee visits for pollen, in which flowers could be sternotribically pollinated, greatly decreased. The changes of bumble-bee foraging preference and behaviour would consequently reduce pollen transfer efficiency in plants with nectar supplementation, suggesting a potentially detrimental effect of nectar production in beaked species.
Over two-thirds of Pedicularis species are nectarless, providing only a pollen reward for bumble-bees, and are sternotribically pollinated. Community surveys of co-flowering Pedicularis species have often found the two pollination modes exploited by different plant species, with the use of diverse pollen placement niches on pollinator bodies facilitating the coexistence of plant species with shared pollinators (Macior and Sood, 1991; Macior and Tang, 1997; Eaton et al., 2012; Huang and Shi, 2013) . Theoretical models suggest that nectar presentation can be an important resource partitioned among flower visitors in multispecies communities; populations can be easily invaded by mutants exhibiting variable degrees of nectar concealment or exposure (Rodríguez-Gironés and Santamaría, 2005) . The species diversity centre of the genus is located in the East Himalayas, which harbour >300 Pedicularis species. The reproductive success of flowering species in mountainous areas is generally subject to pollinator limitation (Phillipp et al., 1996; Totland, 1997) , as is evident in some Pedicularis species that exhibit autogamy (Sun et al., 2005) . The fact that evolutionary transitions involving gains of nectar occurred more frequently than losses could be that nectariferous species benefit in terms of pollinator attraction, gaining higher visitation rates than nectarless species, as has been observed in several co-flowering species (Harder, 1990; Tong and Huang, 2018) as well as in the nectar supplementation experiments shown here. We did not see bumble-bees buzzing and releasing pollen from the tip of the beak when they were sucking artificial nectar on the lower lips of P. dichotoma. This is surprising given that bumble-bees were buzzing when they sucked nectar from two nearby nectariferous Pedicularis species (Corbet and Huang, 2014) . If no pollen is released from the beak without buzzing, then a shift back to nectar foraging could not be realized without an accompanying (or even preceding) shift in pollen release mechanisms that would remove the need for buzzing. This could explain why nectarless species are often associated with the presence of corollas with beaks in Pedicularis species. Species involving loss of nectar are likely to experience a low number of pollinator visits. Under such a circumstance, selection for presenting large pollen doses per visit via actively collecting pollen by bees (sternotribic pollination) would be favoured (Thomson et al., 2000) . Further measurements of buzz frequency in nectar-supplemented flowers and differences in pollen transfer efficiency resulting from a shift of pollination mode may provide insights into flower divergence mediated by shared pollinators.
